ABSTRACT
INTRODUCTION
Lymphocytes play central roles in regulating immune responses. They are divided into innate and adaptive lymphocytes. Natural killer (NK) cells and innate lymphoid cells (ILCs) are innate lymphocytes, whereas T cells and B cells are adaptive lymphocytes that express antigen-specific receptors. Decades of research led to discoveries of many lymphocyte populations and their subsets. Among lymphocytes, cluster of differentiation (CD) 4 + αβ T cells include naïve, memory, and effector cells. Memory and effector T cells include polarized T cells such as T helper (Th) 1, Th2, Th9, T follicular helper (Tfh), and Th17 cells. Additionally, regulatory T cells (Tregs) that rein in immune responses are included in this group. These T cells are mainly composed of thymus-derived naïve and memory type FoxP3 + cells, and peripherally induced FoxP3 + T cells and IL-10-producing type 1 Tregs. CD8 + αβ T cells are also classified into naïve, memory, and effector cell subsets. There are also atypical T cells such as natural killer T (NKT) cells, γδ T cells, intestinal epithelial lymphocytes (IELs), and mucosal associated invariant T (MAIT) cells (1) . T cells sense antigens through their T cell receptors (TCRs) and produce immune regulatory cytokines and other effector molecules that activate or suppress each other and other cells. Depending on migratory behavior, T cell subsets can be also called circulating central memory, non-lymphoid tissue-homing effector memory, or tissue-resident effector T cells (2, 3) . On the other hand, the B lymphocyte group includes conventional follicular B cells (also called B2) and B1 cells (B1a and B1b), which produce antibodies to protect the host from pathogens (4, 5) . The lymphocyte domain has been recently expanded by the discovery of ILCs (6) . Like T cells, ILCs are highly heterogenous, including NK, ILC1, ILC2, and ILC3 subsets (7) . These cells largely function like CD4 helper (ILC1/2/3) and CD8 cytotoxic (NK) T cells in terms of their effector functions but do not have antigen receptors. ILCs are primarily activated by tissue-derived cytokines produced during infection and inflammation by tissue cells and myeloid cells (8) . However, recent studies indicate that they are regulated by other tissue-derived factors beyond cytokines. One class of such factors includes retinoic acids (RAs).
RAs, such as all-trans retinoic acid (ATRA) and 9-cis-RA, are vitamin A metabolites. There are many different vitamin A metabolites beyond the 2 major biologically active RAs because of many different isomerases and oxidases that modify or break down RAs. Please note that most of the functions of RAs described in this article are for ATRA and 9-cis-RA. They are essential for development and function of many organs, including limb development, body symmetry formation, spermatogenesis, and central nervous system functions including circadian rhythm regulation (9) (10) (11) . Importantly, recent studies established essential roles of RAs in development and maintenance of the immune system (12) (13) (14) . RAs regulate functional maturation and specialization of innate and adaptive lymphocytes. RAs also regulate contraction of activated effector T cells in the gut (15) . Our current understanding of the roles of RAs in regulating innate and adaptive lymphocytes are reviewed here.
THE BASICS OF RA: TISSUE-DISTRIBUTION AND RECEPTORS
RA distribution in the body is highly regulated by retinol availability and tissue/cell-specific expression of RA-synthesizing and catabolizing enzymes. During embryo development, RA gradients serve as major morphogens to regulate organ development (16, 17) . ATRA is produced by cells that express alcohol dehydrogenases (ADHs) and retinal dehydrogenases (RALDH1-3) that metabolize retinol. Retinol level is high in the small intestinal tissue environment because dietary retinol from the gut lumen is mainly absorbed here. Absorbed retinol is carried by plasma retinol-binding protein (RBP) in the blood circulation. Blood retinol is taken up by cells in stimulated by retinoic acid 6 (STRA6)-dependent and independent manners. STRA6 functions as a membrane receptor to bind and take over retinol from RBP (18) . Retinol is stored in the liver and fat and released into the blood circulation (12) (13) (14) . RALDHs are expressed by epithelial cells, stromal cells, macrophages, dendritic cells (DCs), and hematopoietic progenitor cells in many tissues (19) (20) (21) (22) . In the small intestine, epithelial cells express RALDH1; stromal cells express RALDH1, RALDH2, and RALDH3; DCs mainly express RALDH2 (23) . The RA-degrading enzymes, CYP26A1 and CYP26A2, are widely expressed in the body, including testis, brain, lung, pancreas, uterus, and skin (24) . Expression of these enzymes are induced by RAs because the genes for these enzymes harbor retinoic acid response elements (RAREs) (25) . Increased expression of the RA-degrading enzymes provides a negative feedback signal to prevent build-up of RAs, which can be toxic. RA levels are typically maintained at up to 2 nM in the blood circulation (26) . Compared to RA levels in the intestine and mesenteric lymph node (MLN), this is a relatively low level but can exert certain regulatory effects on lymphoid tissues and other systemic organs. The concentrations of RAs in the intestine and MLN are expected to be greater (5-10 nM or higher), which is high enough to induce gut-homing receptors such as CCR9 and α4β7 and to exert other regulatory functions (27).
RAs primarily function through retinoic acid receptors (RARα, β, γ), which are nuclear receptors that bind RAREs in many RA-responsive genes. Peroxisome proliferator-activated receptor (PPAR) β/δ serves as a minor RA receptor (28). Because many genes have RAREs, RAs have diverse functions throughout the body. While RAs promote RARα binding to DNA, RARs can bind DNA and regulate gene expression even when RA concentrations are limited. RAR functions are not limited to DNA-binding-dependent transcriptional activities because certain functions of RARs are mediated by fast-acting non-genomic signaling, which occurs in the cytoplasm. For example, phosphatidylinositol-3-kinase and extracellular signal-regulated kinases (ERKs) are activated by RA-liganded RARs within a few minutes following RA treatment (29, 30) . Moreover, RA receptors interact with other DNA-binding proteins to exert RARE-independent transcriptional activities. The RA-RAR axis regulates many transcriptional factors and certain micro-RNAs (miRNAs) (31) , and, therefore, many of the RA-induced genes are indirectly regulated downstream of the genes that are directly regulated by RAs. (33, 34) . Also, it has been observed that RAs promote Th2 but suppress Th1 responses (35) (36) (37) (38) . Other studies found no clear impact of RAs on Th1 and Th2 cells in vitro and in vivo (39) . Recently, it was observed that Th1 responses including ERK activation, tyrosine phosphorylation, and interferon (IFN) γ production were decreased in vitamin A-or RARα-deficiency during infection by the intracellular pathogen Toxoplasma Gondii (40) . Similarly, increased Th17, but decreased Th1, responses were observed in T cells expressing a dominant negative form of retinoic acid receptor (dnRAR) α (41), which suggests that RA signaling supports Th1 responses in general. This indicates that during active immune responses, RAs potentiate Th1 cell responses (Fig. 1) . While the mechanism for this regulation remains unclear, this effect is potentially mediated by direct and indirect effects of RARα binding and epigenetic regulation such as DNA methylation and histone acetylation on regulatory regions of master regulatory genes such as Tbx21 that codes for the T-bet protein.
RA POTENTIATES EFFECTOR FUNCTIONS OF VARIOUS T CELL POPULATIONS

Effects of RA on T cells are either direct through T cells themselves or indirect through other cell types such as DCs and tissue cells (32). Early studies found that RAs regulate thymocyte apoptosis in vitro
In addition, RAs induce peripheral or in vitro-generated FoxP3 + Tregs (pTregs and iTregs, respectively) (42-45) (Fig. 1) . RAs enhance transforming growth factor (TGF)-β1-induced iTreg generation but suppress Th17 cell responses in vitro. A question of importance is if the reciprocal function of RAs on Treg versus Th17 cells would be also observed in vivo. Unexpectedly, pTreg generation is not defective in vitamin A deficiency. Rather, Treg numbers were increased in vitamin A deficiency (39) . Based on the suppressive effect of RAs on Th17 induction, it was expected that Th17 cell generation would be increased in vitamin A-or RARα signaling-deficiency in dnRARα mice. However, Th17 cell numbers are rather decreased in these conditions, particularly in the intestines (39, 41) . Thus, RAs are not necessarily Treg-inducing factors only in vivo. Rather, RAs have the potential to induce both Tregs and effector T cells, including Th1 and Th17 cells, depending on environmental conditions shaped by specific types of pathogens, tissues, and inflammatory responses. We reason that the universal function of RAs in boosting lymphocytes may be mediated, in part, by their potent epigenetic regulatory functions in general gene expression (46) .
In accounting for the effect of RAs on lymphocytes in vivo, we need to consider the function of RAs in regulating lymphocyte migration (47) . RAs induce CCR9 and α4β7 expression on CD4 + and CD8 + T cells (47, 48) , and, therefore, affect numbers of effector T cells in the intestine versus other tissues such as secondary lymphoid tissues (Fig. 1) . This explains why gut-homing T cells are generated in gut-associated lymphoid tissues such as MLN and Peyer's patches (PPs) in response to the inductive effects of RAs produced by DCs, stromal cells, and epithelial cells (23, (48) (49) (50) . RAs and RARs induce the expression of integrin α4α4 by binding to regulatory regions of the gene, whereas the expression of integrin β7β7 is primarily induced by TGF-β1 (51). This cooperative relationship between RAs and TGF-β1 in expressing integrin α4β7 along with FoxP3 provides a key mechanism for generating gut-homing Tregs (45) .
Two of the most highly induced genes by RAs in activated T cells are P2x7 and Art2b. P2X7 is a purinergic receptor activated by adenosine triphosphate (ATP) and NAD (52, 53 P2X7 specifically targets T cells, whereas ATP can activate P2X7 on many cell types. P2X7 activation induces calcium signaling, inflammasome activation, and cell death depending on cell type (52, 53) . P2X7 is expressed by most memory and effector T cells, including TCR αβ and γδ T cells in the intraepithelial and lamina propria compartments of the small intestine (15) . While lower than the T cells in the small intestine, large intestinal T cells also highly express P2X7. T cells in other tissues either express P2X7 at lower levels or do not express. In the intestines, antigen priming of T cells drives P2X7 expression in the presence of RAs. The P2x7 gene has RAR binding sites to turn on gene expression in response to antigen priming and RAs (15) . P2X7 is particularly highly expressed by Th1 and Th17 cells among intestinal CD4 + T cells (15) . During active immune responses to infection by a mouse enteric pathogen, Citrobacter rodentium, the numbers of Th1 and Th17 cells were abnormally increased in the intestine of P2X7-deficient mice, compared to those in wild type animals. This indicates that the induction of P2X7 expression by RAs is a novel tolerogenic mechanism to prevent excessive build-up of inflammatory T cells in the intestine (Fig. 1) . To support this, repeated NAD injection decreased inflammatory T cells and suppressed colitis (15).
CD1d is a major histocompatibility complex (MHC) I-like molecule and presents lipids to activate NKT cells. RAs induce CD1d expression on antigen-presenting cells such as B cells, monocytes, and DCs (20, 54) . Also, the expression of CD1d and CD1c on human B cells is induced by RAs (55). Activation of PPARβ/δ by RAs is responsible for this induction. Another rather contradictory function is that RAs suppress the production of IFN-γ and IL-4 by NKT cells and, therefore, can decrease NKT-dependent inflammatory activities (56, 57 ). This appears to be mediated through regulation of phosphatase 2A and ERKs. In a manner similar to NKT cells, γδ T cells provide fast T cell responses during infection or injury. RAs enhance IL-22 production by γδ T cells, stimulated with inflammatory cytokines such as IL-1β, IL-18, and IL-23 (58) . By increasing IL-22 production, RAs decrease inflammatory responses induced by dextran sulfate sodium (DSS) or C. rodentium infection. IL-22 strengthens the gut barrier function and decreases bacterial invasion. RARs directly bind the promoter of the Il22 gene for its expression.
RA SELECTIVELY BOOSTS ANTIBODY RESPONSES
Retinol and its metabolites RAs have been identified decades ago as co-stimulators of B cell proliferation (59) . RAs drive bone marrow lymphoid progenitors into B cells in the periphery, a phenomenon associated with elevated expression of key transcription factors, such as early B-cell factor 1 (EBF1) and Pax-5, which are required for B lymphopoiesis (60). RAs induce interferon regulatory factor 4 (IRF4) expression and drive plasma B cell generation (61-63). This results in expression of activation-induced deaminase, Blimp-1, and CD138/syndecan-1 in response to B cell activation. The positive role of RAs is supported by the observation that vitamin A-deficient mice are defective in T-dependent IgG responses (64, 65) . It was later found that vitamin A-deficient mice are particularly more deficient in IgA production (66) . RAs induce IgA-class switch and gut-homing receptor expression in B cells, generating plasma B cells that migrate to the intestines and possibly to other mucosal tissues as well (67) . RAs boost the effects of cytokine such as TGF-β1, IL-5, and IL-6 in inducing IgA expression in B cells. RA-producing DCs, isolated from mucosal lymphoid tissues such as MLN and PPs, are highly efficient in inducing IgA-class switch in B cells (66) . Also, follicular dendritic cells (FDCs), stimulated with bacterial products and RAs, express B-cell helping factors such as CXCL13, B cell-activating factor receptor and TGF-β1, creating a condition conducive for B cell 5/13 https://doi.org/10.4110/in.2018.18.e1
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While RAs induce IgA, they suppress IgE and certain IgG isotypes including IgG1 in mice (70, 71) (Fig. 1) . RAs also induce IL-10 production in B cells, generating regulatory B cells (72) . The most likely sources of RAs to affect B cells are epithelial cells in the respiratory tract that express RALDH1, and DCs that express RALDH2 (73) . Autophagy is important for B cell production of antibodies (74, 75) , and this process is promoted by RAs. In this regard, RAs induce UNC51-like kinase-1 (ULK1), a signaling molecule required to induce autophagy (76) . ULK1 knock-down abolished RA-induced IgG production. RA-deficiency or blocking RAR signaling by dnRAR expression alters the gut microbiota (77) . This was expected because 30%-50% gut commensal bacteria in the colon are coated with IgA and therefore controlled by IgA (78) . RAs also induce IgA production and gut-homing receptor expression in B-1 cells (79, 80) . Blocking RAR signaling by dnRAR expression led to defective development of marginal zone and B-1 B cells and decreased T-independent antibody responses (81). The B cell modulatory function is shared by ATRA and 9-cis-RA (82). Thus, RAs promote IgA and IgG but suppress IgE production, which can enhance immunity to fight bacterial and viral pathogens but decrease allergic responses (Fig. 1) .
RA POTENTIATES THE ACTIVITIES OF ILCS
Innate lymphocytes include NK cells and ILCs. RAs suppress the human NK cell cytotoxicity activated by IFN-α (83). NK cell activity, including cytotoxicity, is regulated by various inhibitory and activating receptors. Also, antibody-dependent cell cytotoxicity (ADCC) is a major mechanism to direct NK cytotoxicity toward virus-infected or tumor cells that are coated with antibodies (84) . RAs increase the expression of killer inhibitory receptor (KIR) CD158b, an NK inhibitory receptor (85) . RAs also suppress NF-κB activity and the expression of granzyme B and NKp46 (86) . As a mechanism for the RA-induced suppression of NK cell cytotoxicity, RAs induce the expression of miR-23a, which negatively regulates cathepsin C and subsequent granzyme B activation (87) . RAs also up-regulate MHC class I chain-related protein A and B (MICA and MICB) on tumor cells (88) , which function as the ligands for NK cell-activating receptor NKG2D. Thus, RAs have the potential to bidirectionally modulate NK cell cytotoxicity (Fig. 2) .
Lymphoid tissue inducer (LTi) cells belong to the ILC3 group and play an essential role in the development of secondary lymphoid tissues. Maternally derived RAs are required for fetal LTi cell development during embryo development (89) . RAs up-regulate the transcription factor RORγt for fetal LTi development (Fig. 2) . Thus, maternal vitamin A supports lymphoid tissue development in the fetus by increasing LTi cells (89) . Similarly, RA-RAR signaling is required for intestinal ILC3 and LTi cells in adult animals (90) . ILC3 numbers are decreased in vitamin A-deficient mice, and RAs induce IL-22 expression by ILC3 in the intestine. Thus, RAs promote intestinal barrier immunity by promoting ILC3 responses.
RAs also play critical roles in inducing gut-homing receptors on ILC3 and ILC1. Vitamin A-deficient mice are deficient in ILC3 and ILC1 in the intestines. RAs induce CCR9 and α4β7 expression on ILC3 and ILC1 to generate gut-homing ILCs. This imprinting appears to occur in MLN. Therefore, ILC3 and ILC1 undergo a trafficking receptor switch very similar to that of conventional T cells (91) . In contrast, the expression of CCR9 and α4β7 by ILC2 is not regulated by RAs. ILC2 constitutively express these gut-homing receptors in most peripheral tissues. It appears that ILC2 acquire the gut-homing receptors at or before the ILC2 progenitors stage in the bone marrow rather than in the periphery (91) . It has been reported that RAs promote ILC3-dependent immunity against C. rodentium but suppress ILC2-dependent immunity against certain types of parasites (92) . In human ILCs, RAs also induce the expression of integrin α4β7 in vitro. In this study on human ILCs, RAs promoted IFN-γ expression in ILC1 and ILC3, whereas RAs induced IL-5 and IL-13 expression in ILC2 in an in vitro setting (93) . While further studies are required, it is apparent that RAs generate guthoming ILCs and boost ILC functions. Generation and functional maturation of innate lymphocytes are primarily regulated by cytokines and transcription factors. In addition, RAs regulate these NK cells and ILCs. RAs bidirectionally regulate NK cell functions. They induce MICA and MICB to indirectly activate NK cells but can directly suppress NK cell activation as well. While the overall effect of RAs on NK cells during various types of immune responses needs to be established, it appears that RAs function to support NK cell activity but restrain their activity in certain conditions. In general, RAs promote ILC1 and ILC3 activity, whereas they suppress ILC2 generation from ILC progenitors from the bone marrow or embryonic hematopoietic organs. RAs promote IL-22 production by ILC3 to strengthen the barrier immunity, and support IFN-γ production by ILC1. These ILC-boosting functions of RAs were observed on human ILCs as well. However, there appear to be species-specific differences in the regulation. Overall, RAs are important regulators of ILCs. The arrows indicate either positive (↑) or negative (↓) effect of RAs. ADCC, antibody-dependent cell cytotoxicity; KIR, killer inhibitory receptor; MICA, major histocompatibility complex class I chain-related protein A; MICB, major histocompatibility complex class I chain-related protein B; RXR, retinoid X receptor; TSLP, thymic stromal lymphopoietin.
CONCLUDING REMARKS
functions to prevent and fight infections. The effects of RAs on NK cells are mixed, potentially suppressing and enhancing NK activities. This is important to limit unwanted inflammatory responses due to uncontrolled NK cell activity. The effects of RAs on T cells are also mixed, enhancing the activities of both regulatory and effector T cell populations. This function is particularly apparent in the intestines. RAs boost systemic IgG responses and mucosal IgA responses. However, RAs suppress IgE production and this function together with their function to suppress ILC2 can be important in regulating type 2 immune response-mediated allergic responses. Vitamin A has been called the anti-infective vitamin. The recent research has provided enough evidence for this role. Additionally, a mounting body of information indicates that vitamin A metabolites function to prevent inflammatory diseases. This function can be mediated by inducing regulatory cells or effectively clearing pathogens to prevent chronic inflammatory responses. Overall, RAs bidirectionally regulate the functions of most lymphocytes to protect the host from pathogens and inflammation.
